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An electron paramagnetic resonance (EPR) imaging system has been custom built for use in pre-clinical
and, potentially, clinical studies. Commercial standalone modules have been used in the design that are
MATLAB-controlled. The imaging system combines digital and analog technologies. It was designed to
achieve maximum flexibility and versatility and to perform standard and novel user-defined experi-
ments. This design goal is achieved by frequency mixing of an arbitrary waveform generator (AWG) out-
put at the intermediate frequency (IF) with a constant source frequency (SF). Low noise SF at 250, 750,
and 1000 MHz are available in the system. A wide range of frequencies from near-baseband to L-band
can be generated as a result. Two-stage downconversion at the signal detection side is implemented that
enables multi-frequency EPR capability. In the first stage, the signal frequency is converted to IF. A novel
AWG-enabled digital auto-frequency control method that operates at IF is described that is used for auto-
matic resonator tuning. Quadrature baseband EPR signal is generated in the second downconversion step.
The semi-digital approach of mixing low-noise frequency sources with an AWG permits generation of
arbitrary excitation patterns that include but are not limited to frequency sweeps for resonator tuning
and matching, continuous-wave, and pulse sequences. Presented in this paper is the demonstration of
rapid scan (RS) EPR imaging implemented at 800 MHz. Generation of stable magnetic scan waveforms
is critical for the RS method. A digital automatic scan control (DASC) system was developed for sinusoidal
magnetic field scans. DASC permits tight control of both amplitude and phase of the scans. A surface loop
resonator was developed using 3D printing technology. RS EPR imaging system was validated using sam-
ple phantoms. In vivo imaging of a breast cancer mouse model is demonstrated.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Electron paramagnetic resonance (EPR) spectroscopy and imag-
ing provide valuable functional information in pre-clinical studies
[1–16]. Clinical applications of EPR have demonstrated the impor-
tance of direct oxygen measurements in tumors and tissues using
continuous-wave (CW) EPR spectroscopy [17–19]. Two standard
EPR methods, CW and pulsed, have been used for in vivo spec-
troscopy and imaging. Each of the two methods has its advantages
and limitations. The pulsed method provides superior sensitivity
when electron relaxation times are much longer compared to
instrumental dead-time [20]. In this method, resonance rotation
of the magnetization vector into the xy-plane maximizes echo
and free induction decay (FID) signal intensities. However, spin
relaxation processes during experimental dead-time may negate
this advantage. Pulsed EPR imaging often is restricted by the pulse
excitation bandwidth, which limits the spectral width of projec-
tions. Pulsed gradients may be used to overcome the bandwidth
limitations [21]. The result is a constraint on the maximum sample
size and/or spatial resolution. In comparison, CW modality is not
bandwidth-limited, and measurements of wide multi-line spectra
are permitted. Dead-time-free CW EPR is the method of choice
when spin probes with relatively short relaxation times are used.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmr.2019.06.003&domain=pdf
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However, the spatial resolution of images may be limited due to
low signal-to-noise ratios (SNR) of high-gradient projections. SNR
of the first-derivative CW spectra decreases proportionally to the
gradient strength squared. In addition, CW EPR has an inherent
sensitivity threshold due to constraints on power, amplitude mod-
ulation and frequency. Increasing any of these parameters above a
certain limit causes spectral distortions.

Various types of CW EPR experiments have been proposed in
which rapid scanning of the magnetic field have been used to
reduce the experimental time and/or noise [22–24]. A sinusoidal
rapid scan (RS) method [5,25–32] was recently developed that
combines the standard CW spin excitation with broadband detec-
tion of transient FID-like EPR signals. This method is implemented
in the EPR imaging system currently described. RS EPR occupies an
important niche between the traditional first derivative CW and
pulsed EPR. Signal intensity enhancement is achieved using rapid
passage regime in which the spins system experiences a short exci-
tation pulse due to the rapid passage through the resonance condi-
tions. Algorithms have been developed that transform transient
signals into absorption EPR spectra [25,33]. In RS EPR, the magnetic
field scan encompasses the entire spectrum. The EPR absorption
spectrum is measured, the intensity of which is inversely propor-
tional to the gradient strength. Rapid passage through resonance
permits the use of higher power without saturating the spin sys-
tem [34]. This results in an improved SNR. Depending on the sam-
ple and resonator bandwidth, enhancement of up to two orders of
magnitude in sensitivity can be achieved [29].

In this manuscript, we describe an EPR imaging system
designed and constructed at West Virginia University. The use of
this system has been previously reported in peer-reviewed publi-
cations, including real-time EPR co-imaging with positron emis-
sion tomography [35], demonstration of a novel RS EPR
algorithm [25], and enzyme activity imaging [36]. In these papers,
only a limited description of the EPR imager was provided. In addi-
tion, various parts of the system have been further developed and
improved.

This manuscript describes the EPR system and its RS EPR imag-
ing capabilities in detail. Experiments, including in vivo, were done
at approximately 800 MHz. This frequency is considerably higher
compared to that used in the previously reported RS EPR imager
at 250 MHz [5]. Recently, a RS imager at 700 MHz was reported
by the Eaton group [32]. However, animal experiments have yet
to be demonstrated. The design described in this study differs from
the previously reported instruments on several levels. First, we
implemented a semi-digital approach for RS EPR method that can
also be implemented for CW, pulsed, and emerging field-
modulated pulse EPR techniques [37,38] in the broad frequency
range of 100–1250 MHz. The semi-digital method permits the
use of high-resolution low-noise low-cost arbitrary waveform gen-
erators (AWG) that provide sufficient bandwidth. Direct generation
of EPR radiofrequency (RF) simplifies overall design [39] but may
not be practical, especially at high frequencies. Second, an innova-
tive digital automatic frequency control (DAFC) system is intro-
duced. Enabled by the AWG, DAFC periodically sweeps RF to find
and lock on to the frequency that provides the best resonator cou-
pling (minimum power reflection). Third, a digital automatic scan
control (DASC) system is presented that automatically corrects
the amplitude and phase of magnetic field scans. DASC permits a
high degree of reproducibility and temporal stability of the mag-
netic scan waveform, which is essential for RS deconvolution
[25,33]. Fourth, a surface loop resonator was developed for RS
EPR imaging of breast tumors. A resonator-supporting structure
was 3D printed that reduced the amount of metal near the imaging
volume. Fifth, in comparison with commercial closed-source EPR
instruments, our semi-digital design is modular with many compo-
nents available for purchase from vendors. These modules are
stand-alone instruments that come with manufacturer warranties,
engineering support, and remote-control software with MATLAB
(MathWorks) code examples. As a result, our system has a low cost
of maintenance and is easily upgradable. Using MATLAB for both
hardware controls and data processing is convenient. This high-
level language is evolving, and the list of supported instruments
is constantly growing. The code can be easily shared and modified.
The commonly used EasySpin EPR simulation package can be inte-
grated into the MATLAB-based imaging software.

The RS EPR imager described here has been used for in vivo
measurements in a mouse model of breast cancer, where oxygen
mapping is demonstrated. Results from this in vivo study will be
reported in the future.
2. EPR imaging system

2.1. Design concept

The imaging system was designed as an open experimental
platform that can be expanded to include various experimental
methods, including non-EPR co-imaging modalities [35]. A modu-
lar approach to the design was used. Most of the modules in the
system are commercially available standalone instruments that
are remotely controlled from a personal computer using MATLAB.
These off-the-shelf instruments come with full support from the
vendors that include consulting, modifiable code examples and a
warranty. As a result, the service cost is significantly reduced. Indi-
vidual RF elements, such as amplifiers and frequency mixers, are
connected into functional units using coaxial cables with mini-
mum use of printed circuit boards. The modular approach makes
it relatively easy to assemble a functional EPR system. The designs
can be shared, reproduced and improved by other laboratories. 3D
printing technology was used to build various parts of the imaging
system. Rapid scan coils, enclosure for resonating capacitors, phan-
toms and various structural supports were manufactured in-house
using available Form2 (Formlabs, MA), M3 (MakerGear, OH), and
Fusion3 (Fusion3 – 3D printers, NC) 3D printers. Free OpenSCAD
software was used for 3D model design. Digital models can be
modified, reprinted, and shared with other researches for further
improvement and adaptation.

Only RS EPR implementation is reported in this manuscript;
however, the system will be upgraded to perform conventional
CW, multi-harmonic CW [40], and both standard and field-
modulated [37,38] pulsed experiments. This upgrade is at the
‘‘work-in-progress” stage. The schematics of the current system
is shown in Fig. 1. More detailed descriptions of the separate units
are provided below in the manuscript.
2.2. Radiofrequency unit

2.2.1. Up-conversion to generate EPR frequency
Fig. 1 shows the schematics of the RF unit that was designed to

permit EPR operation in a wide range of frequencies. This can be
achieved by mixing the frequencies of low noise constant sources
(250, 750, 1000 MHz) with an arbitrary waveform generator
(AWG) output. Phase noise values at 10 kHz offset of these con-
stant sources are �163, �152, and �149 dBc/Hz at respectively.
The multi-frequency source unit was custom assembled byWenzel
Associates Inc. 10 MHz reference (�165 dBc/Hz at 10 kHz) is pro-
vided for clock-synchronization with external devices. Frequency
mixing with a Keysight 33622A AWG and one of the RF sources
provides up to ±200 MHz bandwidth around the selected fre-
quency (e.g., 750 ± 200 MHz). Although the specified bandwidth
for this AWG is 120 MHz, in practice 200 MHz signals can be gen-
erated at power levels sufficient for reliable frequency mixing. At



Fig. 1. EPR imaging system schematics. The RF unit consists of a multi-frequency source that outputs phase-locked continuous-wave signals at 250 MHz, 750 MHz, 1000 GHz,
and a 10 MHz reference signal. In the current EPR system, AWG output is upconverted by mixing with 750 MHz to generate EPR excitation. Reflection from the resonator
signal is downconverted back to IF (stage one). The IF signal is used for resonator tuning, both manual and automatic (DAFC). EPR detection at the baseband is achieved by the
second down-conversion step. The magnetic field unit controls the DC field, gradients, and rapid scan field. A digital feedback scan control system DASC ensures the stability
of the amplitude and phase of the magnetic scan waveform. Both DASC and DAFC run as two independent MATLAB batch jobs in the background. All other controls and data
processing are achieved through locally written MATLAB code.
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this frequency, the AWG will output a waveform with exactly five
points per cycle at the maximum sampling rate of 1 GS/s. Due to
the low sampling count, attenuated high frequency harmonics
are generated that can be easily suppressed using a low-pass filter.
The AWG internal clock is externally synchronized with the ultra-
low noise 10 MHz reference as shown in Fig. 1. The 250, 750,
1000 MHz frequencies are synchronized with the same 10 MHz
reference clock. The central carrier frequency of the upconverted
RF waveforms can be controlled either by changing the AWG sam-
pling clock or by changing the AWGwaveform. The former method
is considerably faster. The radiofrequency of interest is produced as
the result of frequency mixing the constant source frequency (SF)
with an intermediate frequency, IF, generated by the AWG:

RF ¼ SF þ IF; IF ¼ f max

clockmax
� clock ð1Þ

In Eq. (1), the maximum clock rate for Keysight 33622A is
clockmax = 1 GS/s and fmax is the AWG frequency at maximum sam-
pling rate. By changing the AWG sampling clock, a desired RF fre-
quency can be generated. In the experiments described below,
SF = 750 MHz (see Fig. 1) and the working frequency range of the
RS EPR imager is 783–825 MHz, defined by the CBP-804F+ (Mini-
circuits) bandpass filter (BPF). This filter was ordered in the SMA-
connectorized form (Minicircuits TB-693+). The frequency range
can be changed using a different filter. For example, SF�IF fre-
quency can be used instead of the SF+IF component. It is important
to note that no mixer is perfect, and SF leaks into the RF output
channel. We used a ZFM-4H-S+ (Minicircuits) mixer that is speci-
fied to have about 40 dB of isolation within the frequency range
of interest. Despite the substantial attenuation of the leakage, it
may have sufficient intensity to interfere with the detected EPR
signal. An additional filtering is required, which can be achieved
by the use of a narrow-banded notch filter. In our design, a filtering
stage was added at the detection side. The CBP-804F+ filter is con-
nected to the output of the first-stage low noise amplifier (LNA)
(Mini-circuits ZX60-P103LN+, 50–3000 MHz). The filtered RF sig-
nal is amplified using an LNA (PHA-13HLN+, Minicircuits), shown
as A1 in Fig. 1, that delivers approximately 28 dBm of excitation
power. The LNA was ordered in the form of an evaluation board
TB-969-13HLN+ (Minicircuits). Instead of a commonly imple-
mented circulator, a 14 dB coupler (Mini-circuits ZADC-17-14HP-
S) is used to isolate the incident RF wave from the resonator reflec-
tion signal, where power is applied to the coupling output port. The
coupler is shown as C14 in Fig. 1. In this design, 14 dBm of power is
absorbed by the coupler and 14 dBm of power is available for spin
excitation. In addition to the excitation/detection decoupling func-
tion, the 50 O coupler protects the excitation amplifier from back-
reflection that may occur due to an impedance mismatching. The
14 dBm excitation power is sufficient for the experiments with tri-
tyl radicals that have narrow EPR spectra and low saturation
thresholds, while imaging of nitroxides will require more power.
The advantage of a coupler-based design is the lack of magnetic
parts and the relatively broadband range of operation (500–
1350 MHz). Coupler directivity is approximately 30 dB in the
region of interest. The first stage LNA amplifier (A2 in Fig. 1) can
be connected directly to the coupler port. A shielded assembly of
the resonator, coupler and LNAs can be placed inside the magnet
(see Figs. 2 and 3). The result is the elimination of intermediate
cables and, therefore, a signal loss reduction.
2.2.2. Two-step down-conversion
Two LNAs, indicated jointly as A2 in Fig. 1, (Mini-circuits ZX60-

P103LN+, 50–3000 MHz, noise figure � 0.5 dB at 800 MHz) were
connected in series to the coupler. Each LNA provides about
14 dB of gain, so the total gain of A2 is approximately 28 dB.
ZX60-P103LN+ has a maximum rating of 25 dBm of input power.
As a result, it is well protected from damage by excessive RF power
at the input that may occur during in vivo measurements. Animal



Fig. 2. Surface loop resonator schematics (a) and photos (b–d). The inductance of a copper loop (13 mm) is resonated by a capacitor in the form of two soldered coaxial cables.
Circuit matching is achieved by two varactors. Broadband transformer balun is used to reject the common mode signal. In (b) a Teflon bolt covered with a thin copper film
(indicated by the arrow) can be used for manual resonance frequency adjustments. Enclosed in a 3D printed support structure, the copper loop is shown in (c, d). (d, a)
Demonstrates paired coaxial cables (OD = 1.2 mm) that act as a resonating capacitor for the resonator loop inductance.

Fig. 3. The rapid scan coils, resonator, and mouse bed are visible inside the
permanent magnet. The directions of the constant magnetic field produced by the
magnet and RF fields generated by the surface coil are denoted by B0 and B1 vectors,
respectively.
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motion may cause substantial resonator detuning and, as a result,
strong reflection. The output of ZX60-P103LN+ is saturated (1 dB
compression) at about 22 dBm, so that the second LNA is protected
as well.

After LNA amplification, the signal is bandpass-filtered to
remove the above-mentioned 750 MHz leakage components and
down-converted to the baseband in two stages. The first stage is
frequency-mixing with constant SF = 750 MHz that is followed by
low-pass filtering to suppress the SF+IF (leakage) and 2SF+IF com-
ponents. The result of mixing and filtering is a signal at IF carrier
frequency. This signal has EPR and non-EPR RF reflection compo-
nents. When the resonator is not well-tuned, non-EPR reflection
is substantially stronger than the EPR signal. In tuning mode, the
AWG outputs a frequency scan in a range determined by the user
to find the resonance frequency. This sweep signal is upconverted
(described above), transferred to the resonator, down-converted
back to IF (the first down-conversion stage) and digitized. The
non-EPR reflection is Fourier transformed and analyzed to give a
numeric value of the resonance frequency. This value corresponds
to the reflection minimum. Digitization of the IF signals is done
using a Gage CSE161G4 PCIe card. In tuning mode, the software
displays a Fourier domain tuning pattern, and the experimenter
manually adjusts the voltage value that changes the capacitances
of a pair of matching varactors (see Fig. 2a). The goal of this proce-
dure is to minimize RF reflection. After the matching is accom-
plished, the system can be switched to operation continuous-
wave (CW) mode. The software automatically finds and sets the
resonance frequency. During CW operation the reflection level at
IF is constantly monitored.

Besides tuning and CW, a third AWG-enabled DAFC mode is
available to the system user. The digital auto-frequency control
operates at IF frequency. In DAFC mode, the first AWG channel out-
puts a complex waveform consisting of a very short (10–100 ms)
frequency sweep followed by a 10–100 ms CW waveform. The sys-
tem continuously alternates between tuning and CW regimes at a
rate of 10–100 Hz. A background MATLAB job periodically adjusts
the resonance frequency. This method ensures critical coupling of
the resonator to the 50 O transmission line on a time scale that
is short compared to the characteristic animal motion. During
the short frequency scans, data collection is blocked by disabling
the trigger signal to the digitizer (Keysight U1084A). The discrete
auto-tuning mode permits signal detection of both in-phase and
out-of-phase quadrature RF components. In comparison, the com-
monly used continuous AC AFC method may distort or entirely
suppress the x-component of the transverse magnetization that
is measured in the rotating frame associated with the excitation
RF field. This may result in rapid-scan deconvolution algorithm
failure. An additional advantage of DAFC is that a wide frequency
scan (1–10 MHz) can be used to find and lock on to the resonance
frequency. In comparison, AC AFC range is often very limited. A
detailed description of DAFC and its application for EPR imaging
and spectroscopy, including experiments with conscious mice
[41], will be submitted separately for peer-reviewed publication.

The second downconversion stage produces quadrature signals
at the baseband. This is achieved by frequency mixing of the IF sig-
nal (after stage one) with an output of a second independent AWG
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channel that generates a CW IF reference (see Fig. 1). This reference
AWG signal can be offset with respect to IF by a fraction of the scan
frequency to enable a near baseband detection method [42]. This
method permits the use of a single detection channel to recover
perfectly orthogonal quadrature RS EPR signals.

2.2.3. Surface loop resonator
A surface loop resonator was designed for RS EPR imaging of

breast tumors in mouse models. The tumor size is often compara-
ble to the resonator diameter, so that the breast tumors are placed
inside the surface loop. As a result, both outer half-spaces divided
by the loop plane contribute to the EPR signal. In this case, the res-
onator filling factor is maximized to improve EPR sensitivity and
imaging volume. A previously reported L-band resonator [43]
was modified to operate at 800 MHz. Several modifications were
made to optimize the use of the CW resonator for RS EPR imaging
as shown in Fig. 2. First, a pair of two parallel 50 Ohms coaxial
cables (UT-047C-LL) were used to resonate the surface loop at
the desired frequency. These cables are specified to have an outer
diameter of 1.2 mm and the capacitance of C = 86.8 pF/m. The total
capacitance of two parallel soldered cables (connected in-series
with respect to the coil inductance) is C/2 = 43.4 pF/m. The cables’
length, and therefore their capacitance, can be varied to fine-tune
to the desired resonance frequency. The use of a small cable diam-
eter reduces the amount of metal near the resonator loop, and
therefore ensures a homogeneous scanning magnetic field. Two
100 O (UT-141-100-TP) coaxial cables were soldered together
and used for impedance matching. Fine matching adjustment
was achieved by a pair of varactors (Toshiba, 1SV239TPH3F). The
lengths of the 100 O coaxial cables were adjusted for the loaded
resonator so that the varactors operate at high voltage end, where
their capacitance is minimum. In this case, 200 O output of the
balun closely matches the 200 O impedance of the coaxial cables
to minimize impedance discontinuity. Instead of the traditional
narrow-banded non-magnetic k/2 coaxial balun, a broadband
transformer (TP-103, Macom) was used. It operates in the range
from 500 kHz to 1 GHz and the insertion loss of 0.4 dB is relatively
low. The balun, coupler and first stage amplifiers were placed in a
thick copper enclosure (see Figs. 2 and 3) to reduce noise and the
periodic background signal that appears as the result of electric
coupling between the resonator and the scan coils. The resonator
and the scan coils are not the parts of a single mechanical structure
and are well-separated in space. As a result, we have not observed
any substantial background signal [44], even though no additional
shielding was used.

The resonator loop and coaxial cables are supported by a 3D
printed structure (Fig. 2b–d). This structure was printed using a
Formlabs 2 printer, which uses stereolithography (SLA) technology.
The SLA method permits printing of solid water-impermeable
structures with high resolution of 25–100 mm. This technology
was used to embed a copper loop into a printed structure. The loop
was inserted in a groove, covered with liquid resin and irradiated
using a UV lamp to cause polymerization. Fig. 2c shows the result
of this procedure, which permits the use of an arbitrary thin wire in
the design. A manual resonance frequency adjustment can be
made by changing the distance between the loop and a bolt cov-
ered with a thin copper layer (see Fig. 2b). Bringing the conducting
film closer to the loop decreases its effective inductance and there-
fore increases the resonance frequency. Inversely, moving the bolt
away from the loop decreases the frequency.

2.2.4. Multi-frequency capabilities
The RF system (see Fig. 1) can be used for experiments in a wide

range of frequencies due to the implementation of the two-step
downconversion. All parts of the system downstream of the first
conversion to IF will remain unchanged and independent of the
SF selection. In future studies, 250 MHz ± IF will be used to enable
imaging of larger animals, and, potentially, humans. SF = 1000 MHz
will be used to RS-upgrade an existing clinical EPR system (CLIN
EPR, Lyme NH). A resonator with supporting scan coils is being
developed for PET/EPR co-imaging [35] that will operate in the
range of 300–450 MHz.

2.3. Magnetic field unit

2.3.1. Magnet, gradients, and scan coils
A permanent magnet equipped with a set of 3D gradient coils

was purchased from Ningbo Jansen NMR Technology LTD, Zhe-
jiang, China. The magnetic field produced by the magnet is approx-
imately 267 G, which corresponds to the EPR frequency of
750 MHz at g = 2. A pair of Helmholtz coils (diameter 43 cm) were
manufactured and mounted on the magnet poles to extend mag-
netic field range. Magnet wire OD = 1.1 mm (MW0152, TEMCo
CA) was used with total wire length of 200 m (total resistance
4X). A Kepco ATE 25–20 M power supply is used that permits
up to 40 G of field control range. This range can be increased by
using a current source with a higher amperage output. In addition
to the sweep coils a set of rapid scan coils were installed in the
magnet (see Fig. 3). The supporting structures for the coils were
3D printed and embedded into the grooves that were cut in the
garolite plates (brown horizontal plates in Fig. 3) using an available
computer numerical control (CNC) machine. The coil has a Helm-
holtz configuration with a gap of approximately 10 cm. 120 turns
of Litz wire (17 strands, OD = 0.08 mm for each strand) were
wound on each coil. Up to 14 G peak-to-peak scans were tested
in the experiments without causing a significant coil heating.

It was found that the constant magnetic field produced by this
permanent magnet is not homogeneous. Active shimming using
linear gradients was performed to correct the inhomogeneities.
The correction values were 5 mG/cm, 50 mG/cm, and �4 mG/cm
for Gx, Gy, and Gz gradient components, respectively. Inhomogene-
ity over the imaging volume was less than approximately 2 mG/
cm. Note that in four-dimensional images, field inhomogeneity
causes line shift within a given voxel. This shift is corrected using
EPR line fitting that includes line position as a parameter.

2.3.2. Gradient power amplifiers
Three pre-owned MRI amplifiers Copley-262 (denoted as A4 in

Fig. 1) were purchased that are specified to produce current ampli-
tudes of up to 130 A. For the experiments presented here, a maxi-
mum of 20 A was used to generate a 3 G/cm gradient. This gradient
is sufficient to achieve sub-millimeter resolution with trityl spin
probes. The amplifiers are powered by a 10 kW DC power supply
SGA330X30C-0AAA (Ametek, CA). A NI PCIe 6363 DAQ card was
used to generate control voltages for the gradient amplifiers and
the Kepco ATE 25–20 M magnet power supply. Analog inputs of
the card are used to monitor current produced by the Copley
amplifiers and the constant magnetic field using a Hall probe (Tes-
lometer FM 2002, Projelt Elektronik, Berlin).

2.3.3. Scan system and its digital automatic control
In RS EPR, the sinusoidal magnetic field scans across the entire

spectrum twice every scan period. Transient rapid scan signals are
measured. Deconvolution algorithms have been developed to trans-
form RS signals into absorption spectra [25,33]. The input parame-
ters for the deconvolution algorithm are scan amplitude and
phase. The algorithm assumes a sinusoidal function. Small uncer-
tainties and/or instabilities of the scan amplitude, phase or devia-
tion from the sinusoidal waveform would cause spectral
distortions. Accurate calibration and stability of the magnetic scan
parameters are critically important for RS EPR. This is especially
the case for functional spectral-spatial imaging, where thousands



Fig. 4. RS EPR spectrum of 1 mM de-oxygenated Finland radical (soild line)
compared to a theoretical spectrum calculated using previously published spec-
troscopic data (dotted line). The spectrum was fitted using Easyspin with the
inclusion of 13C hyperfine contributions.

O. Tseytlin et al. / Journal of Magnetic Resonance 305 (2019) 94–103 99
of projections are often measured. Scan instability during data
acquisition may skew functional parameters in the reconstructed
images. To generate wide scans and ensure sinusoidal magnetic
waveform, the scan coils are resonated with capacitors. As a result,
a resonance circuit is formed that acts as a very efficient band pass
filter. At the resonance frequency, the resonating capacitors com-
pensate reactance of the coils, so that the total impedance of the cir-
cuit minimizes. This impedance approaches the direct current
resistance of the wires. Losses in the coils’ environment cause an
additional alternating current resistance that often increases with
the scan frequency. A bank of switchable capacitors was used in
RS EPR imaging experiments that permits the generation of six sinu-
soidal waveforms in the range from9 to 100 kHz. At each frequency,
accurate calibration of the coils, both amplitude and phase, was per-
formed using a 1 mM anoxic Finland trityl sample [45,46]. The Fin-
land trityl hyperfine splitting constants of 13C components were
measured using an L-band EPR spectrometer (Magnettech, Ger-
many, 1.2 MHz) and used as references for RS system calibration.

A RS coil driver design was previously reported by the Eaton lab.
This driver controls the amplitude and phase of the scan waveform
with high accuracy using an analog feedback loop [30,47]. An alter-
native digital approach was implemented in our RS EPR imaging
system. The function generator BK Precision 4052 is used to output
a sinusoidal voltage waveform. The output of the generator is con-
nected to the audio input of a Cerwin-Vega CV-1800 amplifier,
shown as A3 in Fig. 1. This amplifier is relatively inexpensive and
can deliver up to 1.8 kW of power, which is sufficient for generation
of a wide magnetic field scan. Heating of the coils becomes the
major limiting factor. CV-1800 has a usable bandwidth up to
100 kHz. The amplifier does not operate in the current controlmode
and needs to be externally stabilized. Instead of analog, a digital
feedback system was implemented. This system reads the voltage
signal from a probe capacitor that is in-series with the coil. This sig-
nal is proportional to the amplitude and approximately 90� phase-
shifted with respect to the current waveform. Voltage across the
probe capacitor is digitized, and its amplitude and phase are com-
puted by the dedicated background MATLAB program. Based on
previous calibrations, amplitude and phase corrections are calcu-
lated and remotely sent to the function generator. The digital feed-
back system controls amplifier input to deliver the desired current
waveform output. The amplifier gain can be varied manually with-
out a need for recalibration. The feedback systemwill automatically
adjust the amplifier input signal, its amplitude and phase. The use of
the probe capacitor instead of a commonly used resister was found
to be more advantageous. If the scan coils are resonated, voltage
across the capacitor is relatively high compared to the noise levels
even for very small scan amplitudes. In addition, the capacitor does
not considerably reduce the quality factor of the resonated circuit
compared to a resister. The fact that the current is out-of-phasewith
the respect to the voltage across the capacitor can be taken into con-
sideration during calibration. A small remaining uncertainty (frac-
tion of a degree) is corrected by the recently developed RS EPR
deconvolution software [25]. A background MATLAB job, indepen-
dent of the main program, continuously runs the digital feedback
loop. When a scan amplitude change is required, the main program
sends a command to the job and the new value is reliably estab-
lished within approximately a second. The described above digital
automatic scan control system (DASC) permits stable repeatedmea-
surements of very narrow lines (see Fig. 4), which could be a chal-
lenging task for some commercial EPR spectrometers. A low cost
DASC system can be assembled with minimum effort.

2.4. Data acquisition and processing

Data acquisition control, rapid scan deconvolution, image
reconstruction, and EPR line fitting are all done using MATLAB-
based software. This software consists of the main program that
has a user interface and two background job processes DAFC and
DASC that run continuously independent of the main program.
The jobs communicate with the main program through the file sys-
tem by reading and writing short binary files within approximately
0.5 ms time. This type of communication was found to be faster
when data are in binary format than by using a MATLAB memmap-
file memory sharing function. Simultaneous writing to and reading
from the same file may cause a conflict, which can be resolved by
using the MATLAB try and catch functions. For reconstruction of
four-dimensional spectral-spatial images, 2546 spectra were mea-
sured, including 2520 projections and 26 zero- gradient EPR lines.
These EPR spectra were measured after every 100 projections and
used to software-compensate a drift of the external magnetic field.
The drift of the external magnetic field is the result of warming of
the permanent magnet due to the heat released by the gradient
coils. During experiments, the magnetic field strength often slowly
decreases. Periodic measurements of the EPR line position in the
absence of the gradient field is used to measure and correct for
the magnetic field change. Within a time interval between the
zero-gradient measurements (6–12 s) the field drift is less than 1
mG. For four-dimensional image reconstruction, we used MATLAB
code provided in the recent publication by Dr. Hirata’s group [48].
Line fitting of EPR spectra within the images was done using locally
written MATLAB code that incorporated EasySpin (http://www.
easyspin.org) routines.

3. Materials and methods

3.1. Phantom

Deuterated Finland trityl radical was used as a spin probe for
phantom imaging. This probe was synthesized according to pub-
lished procedure [46]. A four-tube phantom was 3D-printed using
the Formlabs Form2 printer. Each of the tubes had ID dimension of
3 mm in width and of 46 mm in length. The printed structure was
water-impermeable and did not produce a measurable EPR signal
in the range of interest. Trityl radical (1 mM) was dissolved in
100 mM Na-phosphate buffer, pH 7.4, an addition of glucose oxi-
dase (Sigma, USA, 200 U/ml) and glucose (10 mM) was used to cre-
ate anoxic conditions. A paramagnetic compound Gd-DTPA
(BioPAL, Worcester MA USA) was added at concentration 0, 0.5, 1
and 2 mM to mimic oxygen-dependent linewidth broadening.

http://www.easyspin.org
http://www.easyspin.org
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3.2. Probe preparation and calibration

Solutions of deuterated Finland (1 mM in 100 mM of Na-
phosphate, pH 7.4) and OX71 trityl (in 150 mM of sodium chloride)
probes were calibrated using two-point approach. The spectra of
Finland and OX71 (also referred to as OX063d24) trityls were mea-
sured at two different oxygen conditions: (i) anoxic, created by an
addition of glucose (10 mM) and glucose oxidase (200 U/ml) and
(ii) at normal air (20.9% or 159 mmHg of oxygen). Spectra were fit-
ted with the voigtian EasySpin function. The Gaussian full width at
half magnitude (FWHM) components were fixed and equal to
25 mG and 86 mG for Finland and OX71 EPR spectra, respectively.
13C hyperfine components were included in the fitting function.
The slope of Lorentzian component linewidth dependence on oxy-
gen partial pressure for the Finland radical was found to be approx-
imately 1.2 mG/mmHg (FWHM), which corresponds to 0.7 mG/
mmHg for peak-to-peak lineshape. FWHM and peak-to-peak line-
width dependence for OX71 was measured to be 1.05 mG/mmHg
and 0.60 mG/mmHg, respectively. Lorentzian FWMH contributions
of the deoxygenated 1 mM solutions were 54 mG and 26 mG for
Finland and OX71 radical, respectively. Gaussian components
(inhomogeneous broadening) are not affected by oxygen. The cal-
ibration parameters for both radicals are in good accordance with
the previously published results [49,50]. Multipoint calibration
measurements will be repeated when pulsed capabilities of the
system is fully developed. Direct measurements of the relaxation
times will permit more accurate determination of the Gaussian
contributions.

3.3. Experimental RS EPR parameters

All RS EPR measurements were done using 9400 kHz scan mod-
ulation frequency. The scan amplitude was varied depending on
the width of EPR spectra and projections. In the imaging experi-
ments, 2.5 G scan width was used for low-gradient projections
and 6 G width for high-gradient projections according to the fol-
lowing equation:

ScanWidhtk<2:5;ScanWidhtk¼2:5
ScanWidhtk>2:5;ScanWidhtk¼6

�
;k¼1 :N;ScanWidhtk¼jG!kjFOVþ2

ð2Þ
In Eq. (2), N = 2546 was the number of projections that includes

26 zero-gradient spectra used to correct for the magnetic field drift,
and FOV = 1 cm is the field of view parameter.

The number of averages of periodic RS signals per projections
was increased by a factor of four for the high-gradient projections
to compensate reduction in signal-to-noise. A maximum gradient
of 3G/cm was used in all imaging experiments. The RF power
was selected that did not cause EPR line broadening due to the spin
system saturation. Experimental data acquisition time for phantom
and mouse imaging was 4 min (250 averages for 2.5 G scans) and
8 min (500 averages for 2.5 G scans), respectively.

3.4. EPR system sensitivity and stability

Evaluation of system sensitivity and stability were completed
using de-oxygenated Finland trityl radical (1 mM) dissolved in the
buffer solution that was prepared as described above. A tube
(ID = 9 mm) containing the sample was placed in the resonator
loop parallel to the loop’s axis. The tube’s length was greater than
the sensitive area of the resonator. As a result, the sample filling
factor was maximized. However, RF power distribution produced
by the loop was very non-uniform throughout the sample volume.
The deconvoluted absorption spectrum of the 1 mM Finland sample
is shown in Fig. 4. This spectrum can be used as a reference for the
evaluation of RS EPR system sensitivity. The total data acquisition
time was 19 s. Signal-to-noise ratio (signal amplitude to SD of
noise) was estimated to be approximately 20. Theoretical EPR
spectrum was calculated for the purpose of comparison with the
experimental EPR line. Easysipn voigtian function was used for this
purpose. FWHM contributions were 25 mG and 12 mG for Gaus-
sian and Lorentzian components, respectively. These parameters
are based on the previously published data [50].

The performance of DASC was evaluated by repeated measure-
ments of this sample, where the spectra were averaged to increase
signal-to-noise ratios. No significant changes in the linewidth were
observed. This experiment demonstrated the stability of both the
scan amplitude and phase. Slow drift of the magnetic field during
imaging experiments may cause apparent line broadening if pro-
jections are averaged for a long time. In practice, a single projection
is measured during a short time period between 30 and 800 ms,
depending on the imaging time.
3.5. Mouse model

All animal work was performed in accordance with the WVU
IACUC approved protocol #1602000254. All experimental proce-
dures were approved byWest Virginia University Institutional Ani-
mal Care and Use Committee. Female C57Bl/6J mice (Jackson
Laboratories, Stock No: 000664) implanted with 1 � 106 PY8119
breast tumor cells (ATCC� CRL-3278TM) were used in this study.
The tumor cells were orthotopically implanted into the number 4
mammary gland. The mouse was placed into the holder and anes-
thetized by inhalation of air-isoflurane mixture using a DRE VP3
(DRE veterinary, USA) anesthetic machine. A tube with the gas
mixture was connected to the rear side of mouse holder to provide
continuous gas supply during the experiment. After the onset of
anesthesia, a 50 mL of 2 mM of trityl OX71 radical (GE Healthcare)
in isotonic NaCl solution was injected locally into the mouse breast
tumor. The mouse was placed on its bed inside the magnet and the
resonator was firmly placed on the tumor with the position of
injection point in the geometric center of the resonator. Tumor vol-
ume was calculated using caliper measurements of length (L) and
width (W) of tumor using the equation: V = [L �W2] � 0.5, where
V is tumor volume [51].
4. Results

4.1. Phantom imaging

To evaluate the performance of the imaging system, a series of
tests using various samples were conducted. Presented in Fig. 5 are
the results of an imaging test done using a four-tube phantom.
Deuterated Finland trityl radical at 1 mM concentration was used
for the imaging experiments. Four solutions of the radical were
prepared in 100 mM Na-phosphate buffer, pH 7.4. An addition of
glucose oxidase and glucose was used to create anoxic conditions
for the length of EPR experiment. To each of the solutions an MRI
contrast agent Gd-DTPA was added at the concentrations shown
in Table 1. The role of gadolinium in the experiments was to mimic
oxygen-dependent linewidth broadening in a controllable way. As
a result, the observed broadening of the trityl EPR spectra (see
Table 1) was exclusively due to the presence of gadolinium. 4D
spectral-spatial images were measured and processed. The results
shown in Fig. 5c and Table 1 demonstrate good correlation of the
imaging results with linewidth measurements of bulk solutions.
In addition, there is a good correspondence between the image
dimensions and phantom.



Fig. 5. Phantom EPR imaging results. (a) 3D map of integral spectral intensity. The
spheroid shape is the result of the inhomogeneous RF field distribution that decays
from the loop plane out; (b) 2D central slice of the integral intensity map; (c)
Histogram showing linewidth distribution; (d) 2D central slice of the linewidth
distribution.

Table 1
Comparison of imaging and independent spectroscopic measurement results.

Cylinder number 1 2 3 4

Gadolinium concentration, mM 0 0.5 1 2
FWHM Lorentz linewidth of the

prepared solutions, mG
40 64 87 122

FWHM Lorentz linewidth mean and SD
values in the image, mG

42 ± 6 61 ± 7 90 ± 8 127 ± 10
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4.2. In vivo imaging

The EPR imaging system described in this paper is currently
used for oximetric imaging of a mouse model of breast cancer.
Reporting of the cancer studies are beyond the scope of this paper.
The goal of this paper is to provide a detailed technical description
of the instrument, including in vivo demonstration. An example of
an in vivo 4D image is shown in Fig. 6. An OX71 trityl spin probe
(2 mM, 50 mL) was injected locally in mammary gland tumor. The
Fig. 6. EPR oximetric imaging of a mouse breast tumor. (a) Histrogram of pO2

distribution. (b) 2D slice of pO2 image.
size of the tumor (length �width) was approximately
10.8 � 10.3 mm, which corresponds to the volume of 573 mm3.
The resonator (loop diameter = 13 mm) was placed on the tumor,
so that part of the tumor was inside the resonating loop. An inte-
gral signal intensity-based threshold of 30% was applied to the
image. In vivo RS EPR capabilities of the described here system
were demonstrated at 800 MHz for the first time.
5. Discussion

Table 1 permits estimation of functional oxygen resolution in
images of about 5–8 mmHg depending on the linewidth. The accu-
racy of functional images can be further improved by enhancing
system sensitivity and reducing reconstruction-related artefacts.
Reduction of RF source noise contribution to images can be
achieved through a bi-modal resonator design [32,52]. In this
design, two orthogonal resonators for excitation and detection are
used. The excitation resonator acts as a bandpass filter that rejects
source noise. The detection resonator measures the spin system
response together with a strongly attenuated excitation signal.
We are currently developing bi-modal resonators at 800 MHz for
pre-clinical imaging and at 400 MHz for the PET/EPRI co-imaging
project. The major challenge of this design is to achieve a stable
inter-mode isolation when it is modulated by animal motion.

Besides sensitivity, improvements of image reconstruction
methods and data processing are needed. This includes the selec-
tion of gradients that produce least correlated projections and
the development of EPR line fitting algorithms that are less sensi-
tive to image artefacts and noise but are more sensitive to the spec-
tral parameters of interest. More advanced approaches, such as
those based on neural networks, may help to improve the line fit-
ting accuracy.

The RS EPR method permits measurement of one projection
within the scan period, which is approximately 106 ms for
9400 kHz frequency used in the experiments. However, signal
averaging is often required to improve signal-to-noise.
6. Conclusion and future plans

The EPR imaging system described in this paper was designed
to conduct various types of standard EPR techniques and as a plat-
form for the development of new experimental methods. Versatil-
ity and flexibility of the introduced design is achieved by the use of
AWG that is frequency-mixed with low-noise RF sources. A future
instrument upgrade will include pulsed EPR functionality. We will
further develop field-modulated pulsed EPR methodology, which
can be considered as a merging of pulsed and RS methods
[37,38]. The system will also be used to evaluate the advantages
of RS EPR for clinical oximetry, including that at L-band. Toward
this goal, the WVU Clinical & Translational Science Institute CW
L-band spectrometer will be upgraded. The clinical EPR spectrom-
eter was purchased from ClinEPR and operates at 1150 MHz. This
frequency can be generated by mixing a 1000 MHz source and
the AWG as described above.

The digital auto-frequency control method was developed that
operates at the intermediate frequency, and therefore, will remain
functionally independent on the frequency of operation. This
method has a wide range of applications beyond in vivo imaging
and may become an integral part of standard EPR spectrometers
in the future.
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